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1. INTRODUCTION

order ¢o obtain the desired Performance and reliability. We have re-
ported Previously opn many of the results of thege studies,l—23 and

we have developed are, however, immediately applicable tq the Study of
Other typeg of insulating films, ang we are giving attention to aluminym
oxide anpg other insulatorg of interest in nighe vision applications.
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Section 3 of this report describes the development of a new
technique in which excitation by ultraviolet light is used to photoinject
carrlers into the insulator, and surface charging by corona ions is used
to provide the electric field required for transport. The use of corona
charging elimirates the need for # metallic field plate, and the use of UV
light for photoinjecting carriers provides a degree of freedom not
present in the original corona method. New results obtained by use of the
combined UV-corona method are also presented.

Interface states are of great concern in MIS structures, and we
have found previously that interface states are generated in the Si/SiO2
system upon exposure to a sufficiently high field.22 If the high field is
applied at liquid nitrogen temperature and then removed, the interface
states do not appear until the sample is warmed. An exploration of thié
phenomenon, and of the information that can be derived from it, is given
in Secticn 4 of this report.

The catastrophic breakdown of an insulator 1s preceded by an
instability which develops on a time scale that under some circumstances
is very fast and under other circumstances can be very slow. Some recent
work on this instability is described in Section 5.

Lateral nonuniformities, such as ion aggregations and localized
faults, can severely affect the performance of devices based on the MIS
structure, and 1t is important to be able to identify and characterize
any nonuniformities that may be present. In Section 6 of this report we
describe the development of techniques for using the scanning electron
microscope in the study of lateral nonuniformities, and we summarize some
of the more important results that have been obtained on the Si-Si0

2
system by this means.
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2. FURTHER CORONA-CHARGING STUDIES OF SILICON DIOXIDE
(H. S. Lee collaborating)

2,1. Introduction

We have previously reported on the development of corona-
charging techniques for the study of high-field phenomena in thin
insulating films, including the high-field injection of charge carriers
and the transport and trapping of the carrlers, and we have described
results obtained by the use of these techniques on thermally grown
silicon dioxide.s’lo’zo’21 The use of a corona discharge in a gas at
atmospheric pressure to contact the unmetallized surface of an insulating
film provides a powerful and convenient means for studying high-field
processee, for the virtual absence of lateral surface conduction allows
the us. +f very high field intensities - tantamount to breakdown - without
destru.tion of the films.

Here we present the results of further corona studies of the Si--SiO2
system, including (a) the observation and interpretation of positive
charging in the oxide when the surface is charged positively to fields
greater than about 7.5 x 106 V/cm, and (b) the determination of a threshold
field for the generation of electron traps in the oxide when the surface

is charged negatively.

2.2. Positive Oxide Charging Under Positive Ccrona Charging

We have previously shown that when the surface of a thin,
thermally grown film of SiO2 is charged to a sufficiently high positive
potential, a current flows which is due to the Fowler-Nordheim tunneling
of electrons from the conduction band of the silicon into the conduction
band of the oxide with subsequent transport to the front surface.s'zo’zl
This mechanism has previously been proposed by Lenzingler and Snow24 and
by Williams and Woods.zs Since the charge injection is by tunneling, the
observed currents are a very strong function of the electric field. 1In a
good film of silicon dioxide thermally grown on a 8ilicon substrate, the




electron tunneling current is of the order of 10_ll A/cm2 at a field of
5.6 x lO6 V/cm and of the order of 10’ A/cm2 at a field of 6.5 x lO6 V/cm,
Charge trapping in the oxide is negligible under these conditions,

3,4

More recently we have found that at oxide fields of + 7-8 x lO6 V/em
(the + sign referring to the polarity of the surface), a positive charge
bullds up within the oxide. The presence of this charge increases the
magnitude of the electric field at the Si—SiO2 interface and thus acts
to enhance the electron tunneling. Consequently, the charge buildup is
important to both the current-voltage characteristics and the breakdown
properties of the structure, and deserves close consideration.

Our experiments were performed on HCl-steam-grown oxides on
1-2 ohm-cm (100) silicon substrates. Both n-type and p-type substrates
were used. A typical result is shown by the C-V curves of Fig. 21, which
were obtained with a sample having a 2500 X oxide grown on a p-type sub-
strate. Curve 1 of that figure is the high-frequency (1 MHz) C-V character-
istic of the sample in its original condition. In order to check for
possible sodium contamination, the surface of the sample was charged
positively to an oxide field of approximately 6 x lO6 V/cm, placed in a
vacuum chamber which was then pumped down to 10-6 torr, and was heated to
150°C for 15 min. This treatment should drive any sodium to the Si—SiO2
interface, where its effect would show up as a negative shift of the C-V
curve. To make sure that the drift field remained during the anneal, the
surface potential was measured after the anneal, and showed an electric
field remaining of approximately 5 x 106 V/cm. The result of the foregoing
bias-temperature stress is shown by Curve 2 of Fig. 2.1. The effect is
seen to be very small, indicating that ionic contamination was not an
important factor in the final results.

The principal experiment was then performed. Positive corona in
a helium atmosphere was used to produce an initial oxide field of approx-
imately 7.5 x lO6 V/cm. The corresponding current density was 0.87 x
10'-6 A/cmz, and the intensity of the corona was regulated to keep the
current constant at this value. At intervals the corona charging was

interrupted briefly and a C-V curve was taken to provide a measure of the
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charge stored in the oxide. The results after charging times of 5, 40,

and 100 min. are shown by Curves 3, 4, and 5, respectively, of Fig. 2.1.

The storage of positive charge in the oxide is shown by the leftward

shift of the C-V curves. It should be emphasized that no such shiit was

found at fields smaller than approximately 7 X 106 V/cm. In addition to

the lateral shift, Curves 3, 4, and 5 of Fig. 2.1 show some stretcih-out

which was identified by G-V measurements to be the result of interface

states, not of lateral nonuniformities.22

In qualitative correspondence to

the leftward shift of the C-V

curves, the maintenance of a constant value of corona-induced current

required a progressive reduction in the intensity of the corona. A

correlation of this reduction with the leftward C-V shift was not attempted

because of the difficulty in making a sufficiently accurate measurement of

the surface potential, for at these large

drops rapidly when the corona is removed,

currents the surface potential

and a subsequent Kelvin-probe

measurement ylelds a result that is somewhat too low.

In order to determine the effect,

if any, of the front surface

conditions and of the type of substrate, the experiment described above

was performed on fresh samples as follows:

2500 A SiO2 on p-type substrate:

Positive corona charging in
Positive corona charging in
Positive voltage applied to

2500 A SiO2 on n-type substrate:
Positive corona charging in
(-]

3500 A Sio2

Positive corona charging in
Positive corona charging in

on p-type substrate:

The results are plotted in Fig. 2.2 in ter
* 5
trapped positive charges, Nt' that would b

nitrogen atmosphere.
helium atmosphere.
aluminum field plate.

nitrogen atmosphere.

nitrogen atmosphere.
dry alr.

ms of the effective density of

e required to produce the observed
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C-V shift if all of the charges were trapped at the Si—SiO2 interface.
This density was computed from the voltage shift of the C-V curves at the
point where the Fermi level in the substrate was at silicon midgap

rather than at the flatband point, as there is some evidence that midgap
is the position at which the interface states are neutral.22 It is seen
that essentially identical results are obtained with all gases and also
with an aluminum field plate, indicating that the condition of the front
surface 1s not a determining factor. The number of trapped charges below
the saturation value is seen to vary approximately linearly with time, and
the saturation is remarkably abrupt.

The positive oxide charge could be annealed out essentilally
completely by heating the sample in vacuum at 100°C for 30 min. The
charge was stable for this amount of time at room temperature. The
annealing of the samples with field plates was carried out with the field
plates short circuited to the substrate. Before annealing the bare samples,
the surface chaige remaining from the positive corona charging was first
neutralized by exposure to negative corona until the surface potential had
been reduced to between zero and -1 V. This resulted in no apparent
change in charge storage. The s2mples were then annealed in vacuum as
indicated above.

The pcsitive charge stored in the samples with metal field plates
could be reduced appreciably, by 2-6 V, by holding the gate voltage at
160-170 \ for one hour. These gate voltages are 20-30 volts lower than the
values which cause positive oxide charging, but are large enough to cuase
a continued electron injection from the substrate into the insulator.

From the fact that the positive trapped oxide charge can be electronically
bleached in this manner, as well as from the low temperatures required

for thermal annealing, we conclude that the positive trapped charge was
that of holes, not of positive ions.

The origin of the trapped holes is of great interest. The lack
of front-surface dependence shown in Fig. 2.2 argues strongly against

hole injection from this surface. A more likely source of the holes is




impact ionization within the bulk of the 8102 caused by a few of the
transiting electrons which attain sufficiently large kinetic energies
(> 9 eV) in the high electric field to create hole-electron pairs.
Calculation shows that in the linear portion of Fig. 2.2, the ratio of
trapped holes to total injected electrons is approximately 4 x 10-5.
The interpretation in terms of impact ionization is idemtical with the
explanation given by Yang, Johnson, and Lampertl7 for a slow instability,
leading to breakdown, that has been observed in MIS structures under
high field conditions, and is the mechanism proposed by DiStefano and
Shatzke926 for dielectric breakdown. The corona-charging technique
permits the study of this phenomenon under controlled, nondestructive
conditions.

The lack of dependence on thickness and the abrupt saturation '
shown in Fig. 2.2 deserve further attention. When penetrating radiation
is used to produce hole-electron pairs in the insulator of an MIS
structure, the number of generated holes 1s equal to the number of generated
electrons and is directly proportional to the thickness of the insulator.
Our conditions here, however, are somewhat diffe.ent, for the number of
electrons in our experiment far exceeds the number of holes. A possible
explanation is that the flux of holes arriving at the Si-SiO2 interface
under the conditions of our experiment is recombination-limited, so that

the holes produced far from the interface are recombined and do not reach

RS

the hole traps at the interface.23 The sharp saturation shown in Fig. 2.2
is extremely interesting, but we have no adequate model to offer for this

at the present tima.

2.3. High-Field Generation of Electron Traps in Silicon Dioxide

We have previously reported the observation that a positive
stored charge appears in thermally grown silicon dioxide when the surface 3
of the oxide is charged with negative corona ions to an oxide field greater
than (1.1 +0.1) x 107 V/cm 2022
of trapped holes, and it has been suggested

The positive charge appears to be that
20

that the source of the holes

is the silicon substrate.




More recently, we have reported on the discovery that negative
corona charging to a sufficiently high field has the additional effect
of generating substantial concentrations of electron traps withiu the

oxide.19’21’23

The magnitude of the electric field required for generation
of the electron traps is of considerable interest, and we give here the
results of experiments designed to determine the threshold. The technique
used for this determination was as follows: The surface of the sample

was first charged with negative corona ions to pProduce a given electric
field in the oxide. To determine whether electron traps had been generated
by tnis process, electrons were tunnel-injected from the 8Substrate into

the oxide by charging the surface with positive ions. The objectives of
the electron injection were (a) to neutralize any trapped holes, whose
Presence would tend to obscure the trapping of electrons, and (b) to

fill any electron traps that might be present. The electric field in the
oxide during the electron injection was kept below 7 x 106 V/cm to avoid
positive charge buildup from this source (Sec. 1.2). A high-frequency

(1 MHz) C-V curve was then taken to detect any charge storage in the oxide,
The sequence of experiments was then repeated, starting with negative
surface charging at a larger field than before.

Figure 2.3 shows the results obtained from a typical series of
steps as described above. The sample had a p~type silicon substrarz with
(100) orientation and a resistivity of 10 ohm-cm. The oxide film was
grown in dry oxygen to a thickness of 1750 X. The corona charging of the
sample was carried out in an atmosrhere of dry air. Curve 1 of Fig. 2.3
is the original c-v characteristic of the sample. Curve 2 shows the
relatively small effect produced by a 15-min injection of electrons from
the substrate into the oxide, using positive corona charging at an
insulator field of 6.6 x 106 V/cm in the manner described in the preceding
paragraph. Curve 3, obtainad after negative corona charging for 5 min at
a fleld of -9.4 x 106 V/cm, is also relatively unchanged from the original,
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3. COMBINED CORONA AND PHOTOEMISSION TECHNIQUES
(H. H. Chao collaborating)
3.1, Background Discussion

Internal photoemission has been shown to be a useful tool for the
study of interface properties,?'?“35 trapping phenomena,?'?’28 and ion
migration in thin-film insulat:ors.wm32 In the usual experiments, metal-
insulator-semiconductor (MIS) and metal-insulator-metal (MIM) capacitors
with semi-transparent metal gates are used. When UV light is incident on
the sample, .he photocurrent is due, in general, to the emission of both
electrons and holes from the negatively and positively biaged electrodes
respectively. Optical interference can be used as a tool to ascertain the
contributions of electron and hole emission to the photocurrent.36 If
both hole and electron photocurrents are significant, the interpretation of
the results of internal photoemission experiments 1is very difficult.
Fortunately, in most cases, the contribution of one carrier can be
neglected. Hole currents are negligible in both silicon dioxide36 and
aluminum oxide37’38 insulators, and electron photocurrents are negligibie
in silicon nitride.35 However, this makes the internal photoemission
technique unsuitable for studying the properties of holes in silicon
dioxide and aluminum oxide and the properties of electrons in silicon
nitride.

In order to overcome this difficulty, ions instead of a metal
gate can be used to provide the necessary electric field in the insulator,
The purpose here is to make the injection of carriers from the front
surface negligible compared with the ininction of carriers from the
substrate.

A gas discharge at atmospheric pressure may be used to provide

the ions.20’21’23

If the unmetallized surface of the insulator is charged
with positive ions from a corona discharge and the corona is thereupon
shut off, the positive charge retained on the surface be exist in either

of two forms:

(1) Positive ions sticking to the surface through image~force attraction,

(2) Excess holes in surface states at the front surface,

When the surface potential is kept relatively low, tunneling currents can

|




be neglected and the surface potential will remain corstant in the dark.
When light with a photon energy smaller than the band gap of the insulator
i{s incident on the sample, the surface potential can decrease through either
of two processes:

(1) Electrons may be emitted into the insaulator from the substrate
and drift to the front surface where they neutralize the surface
charge.

(11) The photons may excite electrons from the valence band of the
{nsulator to the surface states at the front surface, leaving
holes in the valence band which may thereupon drift toward the
Ssubstrate.

Optical interference techniques can be used to determine which of the

foregoing charge neutralization processes, (I) or (II), is the dominant one.

3.2. Analysis of the Optical Interference Technique

If charge-carrier trapping and recombination in the insulator-can

be neglected, the change in surface potential,AVB, can be written as
|Avs|/ci = |Qi| + |Qs| (3.1)

where Ci is the insulator capacitance, Qi is the charge injected at the
substrate-insulator interface (Process I of the preceding section), and
Qs is the injection of charyge at the surface (Process II of the preceding

section). The magnitudesof Qi and Qs are respectively given by
lo | = a A (hv) T(hv) F (3.2)
lQ | = a A () R(hv) F (3.3)
where q is the magnitude of the electronic charge, F is the fluence of ithe
incident monochromatic 1ight, A(hv) is the quantum yield for a photon with
energy hv, T(hv) 18 the transmittance of the light into the substrate,

and R(hv) is defined as

R(thv) = |1 + —




where E: and E; are the amplitudes of the incident and reflected waves,
respectively. For the internal photoemission of electrons from a metal

or semiconductor into an insulator,
A (hv) = B(hv - ¢,)P
1 b

where B is a constant, ¢b2§83;h§9b25rier height, and p is a constant which
depends on the substrate.
The functional form of As(hv) is not known. However, it is
reasonable to assume that it is a monotonically increasing function of
hv. R and T are oscillatory functions of hv as shown in Fig. 3.1. The
maxima (minima) points of R and T occur for nearly the same photon energy,
but the amplitudes of oscillation of R and T are quite different. Hence
R/T and T/R will oscillate with quite large amplitudes as shown in Fig.
3.2. The location of the maxima (minima) points of T/R and R/T depend on
the refractive indices of the substrate and insulator and the thickness
of the insulator. By choosing a proper insulator thickness, we can have
several maxima (minima) located in the range of the photon energy which
we are interested. The maxima of R/T and T/R are much larger than unity;
the minima of R/T and T/R are much smaller than unity.
The effect of R/T on the |aV_ |/qC,TF and lav, |/9C,RF vs. hv plots

can be seen more clearly if we rewrite Eq. (3.1) as

|AV | g A (hv)
qc,TF ~ A W1+ g A WD) (3.4)
or alternatively as
lav_| (hv)
T 4
inRF = A (h\))[R m l] (3.0)

In the following, we will discuss how to use the oscillating
property of R/T and T/R to find the contribution of each process to the
photocurrent from the ]AV ]/quiTF vs. hv plot and/or the ]AV |/qC RF vs,
hv plot.
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(B)
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We will discuss three different situations separately.

If the (,AVS]/inTF)l/p vs. hv plot is a straight line.

A (hv)
R s
From Eq. (3.4), this can be true if and only if WD) << 1

for all hv, Since (R/T)max can be quite large, As(hv) sho%ld

he much smaller than Ai(hv); i.e., the hole photocurrent is negligible.

If the ]AVBI/inRF vs. hv plot is a simple monotonic function of hv

without any structure of T/R,

T Ai(hv)
From Eq. (3.5), this can be true if and only if E‘ET?EES“‘ 1
for all hv. Since (T/R)max can be very large, Ai(hv) should be

much smaller than As(hv); i.e., the electron photocurrent is negligible,

If the (|av_ /inTF)l/p ve. hv plot has the structure of R/T and the
(IAVS]/inRF) P v8. hv plot has the structure of T/R.

Assume that this insulator-on-semiconductor structure has R/T
and T/R as shown in Fig. 3.2, Figures 3.3 and 3.4 show the computer
plots of (,AVSI/inTF)1/3-and (,AVBIIinRF)1/3 as determined for the
functions Ai(hv) and As(hv) shown by the dashed curves. 1In the following
we will discuss how to determine Ai(hv) 2nd As(hv). We shall denote
by Ai'(hv) and AS'(hv) the approximations to Ai(hv) and As(hv) which
are calculated by our proposed method.

First we have to determine whether Ai is larger or smaller than
As’ The ratio of As/Ai can be estimated as follows. Points &, 2 lks 1€,
D in Fig. 3.3 are the valuesof (,AVBI/inTF)l/3 at photon energies
which corresponds to the minima of R/T. A least-squares fit of these
points, f(hv), can be found. Point G corresponds to a maximum of

R/T. Then
DA .
8 R 8
inTF)G Al L+ 7 () A, ]

R R
=Chv,) + =(hv )\ A
f(.hvG)%Ai[1+(T B2 T c) ]

H?1m
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Hence

(if""a! ( IA"SI)
- - f(hv.) —| - f(hv,)
ﬁi N qLiTFG G " inTF G G
A, ¥V R 1[R R R
1 ) - Z[T(h"c) i ’T'(h\’c)] T(hvg)
A A
In the following, the cases with AE <1 and<KE < 1 will be

discussed separately. : L

AS
1) -2 <1,
Ay

Since the minima of R/T are much smaller than unity, we can

TA

correspond t% the minima of R/T. Hence qC ;F - Ai for light with

neglect the-E-—— term in Eq. (3.4) for photogvenergies which

these energies. A least-squares £it of these points (A, B, C. D, in

Vs

Fig. 3.3) gives Ai'. From A, ' 7> and R ve can find A;. As

1l * qC T T
shown in Fig. 3.3, Ai' and As' are very good approximations to Ai and
A L]
8
As
(i1) o > 1,
i

Since the minima of T/R are much smaller than unity, we can

neglect b § term in Eq. (3.5) for photon energies which correspond

R A

AVg
to the minima of T/R. Hence = A, for light with these energies.

qC,RF
A least-squares fit of Xhese points (A, B, C, D, E in Fig. 3.4)
' ' Vs & '
glves A8 . From A8 » QC.RF ° and R we can find Ai As shown in

Fig. 3.4, Ai and A ' are very good approximations to Ai and A g

It should be noted that the contribution of hole (electron)
injection to AV8 may be neglected 1f (1) hole (electron) injection is
small compared with electron (hole) injection or (2) holes (electrons)

recombine in a short distance.

When trapping in the insulator is important, the interpretation

of the experiments will be very difficult if both electron and hole

injection are significant. 1f electron injection from the substrate is
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potential, and AVFB 1s the change of the flat-band Voltage of the Cﬂlcurves.

Since AV; and AVFB Tather thap the Current gre Measyreq, thisg
method avoids the signal—to-noise ratio Problem, This ig particularly

The casge of light-induced neutralization of negatiye Surface
charge cap be descripeq by interchanging the wo.q4g ’blectron" and "hoie'
and changing the sign of Av

nN~type 8ilicon,

(b) N2 . 25002 8102. HCl-gteap grown at 900°C op (100) 8urface of 1 Qwem
N-type 8ilicon,

(c) DP1: 55262 3102. Hbl-steam 8rown at 9gpec on (111) 8urface of 0.001 fl=cm
P~type 8ilicon,




Positive corona in dry air or N2 was used to charge the surface
to the desired potential. The maximum potentials used in this study
correspond to oxlde fields of 1.6 x 106 V/cm. After the corona was shut
off, the chamber was pumped down to 10'-3 torr. If the sample was kept in
the dark, no change in surface potential was found after 24 hrs. The
output of a Bausch and Lomb monochrometer was used to discharge the surface
potential to Vs = Vs(initial) - 2 volts. After that, the chamber was
filled with dry air or N2 again and positive corona was used to charge the
sample to its initial potential. The same process was repeated over a
rang:. of photon energies.

No flat-band voltage shift for the N2 sample was found; hence
there was no charge trapping in this sample. If we discharged the DNl and
DP1 sample repeatedly with light of the same photon energy, the discharge
rate did not change. Hence there was no charge trapping in these samples.

Figure 3.5 shows the IAVSI/qciTF vs. photon-uaergy plot for the
DP1 sample. Since the structure of R/T does not appear in the curves, the
results suggest that the hole emission from the front surface may be
neglected. Hence the quantum yield for electron emission from Si into Si0

2
for this sample is

AV :
Quantum Yield = éau%% (3.8)
i

The intercepts on the hv axis correspond tc the Si-SiO2 barrier energy

measured from the Si valance band for the particular value of oxide field.

The change of barrier height with respect to field is consistent with

Schottky lowering of the barrier if a dielectric constant equal to the

optical value of 2.1 is used. The zero-field barrier energy 1is 4,3 eV.

Those results agree with those nbtained on MOS structures by other workers.”"35
The experimental results obtained on an N2 sample showed the

same charrscteristics.
There is additional evidence which shows that electron injection

from S1i into Sio2 is the dominant process:
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(1) The surface discharg= is gas independent. If the injection of holes
from the front surface were to contribute to the chotocurrent, it would
be expected that the characteristics of the surface discharge would depend
on tue specles of lons on the front surface. However, the results shown

in Fig. 3.6 do not show an ion dependence for the two gases used.

(2) Injection of electrons into the SiO2 can take place from both the
valence and conduction bands of the silicon. Evidence for this is s' »wn
in Fig. 3.7. For all three sampies, extrapolation of (Quantum Yield)L/3
to zero shows an effective barrier height of 3.95 eV, which csrresponds

to the Schottky-lowered barrier from the silicon valence band to the oxide
conduction band. The n-degenerate sample, DNl, shows a tail of injection
at lower photon energies which, when plotted as in the inset of Fig. 3.7,
indicates a barrier of approximately 2.9 eV. The difference between the

two barriers corresponds to the band gap of silicen.

3.4. Summary

We propose here a new technique tor studying charge-carrier
injection and transport in thin insulating films. The technique uses
internal photoinjection to provide the charge carriers and utilizes ions
extracted from a corona discharge to chatge the surface of the insulator
and thus create the electric field required for transport. This method
retains the principal advantage of t'ie ccrona-charging technique, namely
that high fields can be impressed on the insulator without danger of
destructive breakdown. Also, the corona technique eliminates the need for
a metal fileld plate and avoids the possible photoinjection that can take
place from such a metallic overlay. The use of optical excitation to
provide the carriers eliminates the dependence on high-field emission that
was inherent in the original coroua technique and thus introduces an
additional degree of freedom ir.to the experimecntation. The origin and
sign of the carriers can be anulyzed by optical interference techniques.

We have verified the practicability of the method in preliminary
experiments on the Si—SiO2 system. With positive corona charging of the

SRR
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surface we observe electron photoinjection from the substrate into the
oxide. The electron injection is principally from the valence band of
the silicon at sufficiently large photon energies, but we can also observe
electron injection from the silicon conduction band.

We plan to use the combined corona-photoemission technique in
further studies of thin insulating films and of the properties of their

interfaces with semiconducting substrates.
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4. STUDY OF THE INTERFACE STATES GENERATED BY HIGH FIELDS IN THE Si-—SiO2
SYSTEM
(J. J. Clement and C. Jenq collaborating)

4.1. Introduction

Yang9 found that an MOS capacitor biased to a high field
(v 7.5 % 106 V/cm) with the field plate positive at low temperature
(v 100°K) for geveral minutes showed a parallel C-V shift in the negative-
voltage direction. He attributed this shift to holes which were generated
by impact jonization and then captured bv hole traps in the SiOZ.

Chang22 studied this problem further and concluded that the
parallism of the C-V shift provided evidence that no interface states had
been generated in the course of the high-field treatment at low temperature.
After the sample was warmed, however, the room-temperature C-V curve showed
a stretch-out. Chang was able to apply his diagnostic methods22 to show that
the stretch—-out was not caused by lateral nonuniformities in charge storage,
as had been at first conjectured, but was due instead to interface states
that had made their appearance during the warm—-up process. He also found
that if he assumed no redistribution of the trapped charges in the SiO2
during the warm—up process, the charge-neutral level of the interface states
lay close to the midgap.

In the remainder of this section we report on results that we

have recently obtained in a further investigation of this problem.

4.2. Experimental Procedures

The samples were n-type, (100) silicon with 1-2 Q=-cm resistivity,
having an HCl-steam grown oxide with a thickness of about 2500;. The Al gate
was about 10003 in thickness, which permitted the breakdown of the oxide
to be self-quenched by local evaporation of the Al gate.6’9’17

The procedures of the experiment were:

(1) The room temperature C-V curves of the sample was taken. The sample

was then cooled to 91°K, and the C-V curve was again taken.

(2) The sample was then biased gradually to the voltage that caused current
multiplication to take place., This bias was held for a sufficient time to
cause positive charging'of the sample, typically 15 min.
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(3) The bias was removed and a C~V curve was taken,

(4) The sample was warmed up to room temperatuyre, During the warm-up
pProcess,a hole Sweep-out bias, either positive or negative, was applied to
the gate.

The room temperature ¢~V curves, both high-frequency and quasi-

static, were taken in the dark. Of the C-V curves taken at lowered

from accumulation into deep depletion at a rate of <1 V/sec. The others,
which will be calleq "light-assisted" C-V curves, were taken by first bringing
the sample into deep depletion, after which the sample was illuminated

reading. The light was then cut off, after which the capacitance dropped

to a lower value. The gate voltage was then ramped up at a rate of 1 V/sec.

4.3, Results

(A) Neutral Level of the Interface States
————————1% ‘Dterface States ’

in the Preceding section. Curve 1 is the room-temperature C-V characteristic,
and Curve 2 is the 91°K c-v characteristic, both taken prior to high-field
treatment. Curve 3 1ig the 91°K C-V curve taken immediately after the sample

is the room temperature C-vy characteristic after the sample had been warmed
up (in about 90 min) with the gate biased at =12.5V. Curve 3 shows a
Parallel shift of about =2.5V frop Curve 2, Curve 4 1ig Stretched out ag
compared to Curve 1, indicating the presence of interface states,

The capacitance at the point where the Fermi level is at silicon
midgap is calculated to be 0.68 Cox' The voltage shift at this capacitance
between Curves 1 and 4 1s -2.55 V, which is reasonably close to the shift of
-2.5 V at 91°K. Observations such as this led Chang22 to conclude that the
neutral level of the interface states lies close to the silicon midgap. This
conclusion, however, should be Scrutinized carefully in the light of recent
evidence, described in ?art C of this section, which indicates that interface
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states of the acceptor tyre continue to be generated within the sample for
many hours after warming up, ind that the neutral level of these states
cannot be at silicon midgap. We regard the voltage shift of the midgap
capacitance to be the best available measure of the stored charge but it
appears that the C-V curve should be taken as Boon as possible after warm-up

to minimize the distorting effects of continued interface-srate generation,

(B) Stability of the Space Charge During Warm-Up

In order to test Chang's inference that there was negligible
change or redistribution of Space charge during the warm-up process,22
the above-described experiment was repeated a number of times with different
amounts of high-voltage stressing and with different field-plate voltages,
both positive and negative, applied during the warm~up period. A fresh
sample was used each time. If there were a change or redistribution of
Space charge during the Process of warming up, the final C-V shift should
depend cn the magnitude and polarity of the bias applied during warm-up.
The results of this experiment are shown in Fig. 4.2, where AVLT is the
voltage shift of the low-temperature (91°K) C-V curve resulting from the
high-field treatment and AV’RT is the voltage shift of the midgap capacitance
after warming up to room temperature. Since AVRT A1 AVLT regardless of the
magnitude or polarity of the field-plate voltage during warm-up, we conclude
that very little change or redistribution of stored charge has taken place.



- 33 -

ko 5 x5 e AT e

*Poriad dn-mies ay3

8utanp parydde sa8eaToA 93erd-pTaTI IUL193ITP pPue ss313s a8e3Toa-ysTy

30 sjunowe JU3193ITp 103 ..Hm>< ‘@anjeiadwsl wool je aduelrdeded dedpyum

943 30 3317TYs 28elToA 2Yy3 pue ‘LIpy <jusmieszi PT®T3-181Yy 1933 aaino
A-D (A,16) 9Injeiadwal-moT 3y3 jo 33Tys a8e3iToa oay3 usamlaq uorIeTay 7% ‘814

(SLron). Ly

N2A UHO () 9- s 4 g g 4 o
ASZl- (w)
A0 (v) F Hikt G )
'y
ASZI+(0) >H& :
Ul |Z Aop ; ~ d
FIOVLIOA ZULVII~-T 737/ :.:W /% mh‘w m.hqo\C
¥ {¢ 1y
v gl Azl + AV

i/ A by @ S

Urws | ‘A ot Z x
L5~

r SSTALS FOVLTION- QQ‘{\

i i 1 1 L ol




= B4 =

(C) Continued Generation of Interface States After Warmup

As we have already observed, the application of a sufficiently
large positive voltase to the field piate of an MOS structure results in
both the storage of positive charge in the oxide and the generation of
interface states; however, if the high field is applied at liquid nitrogen
temperature, the positive charge appears immediately but the interface
states do not make their appearance until the sample has been warmed up
to approximately room temperature. Additional experiments, now to be
descvibed, show that the production of interface states, once it 1is
iniclated by the high field, continuss to proceed for many hours at room
temp:rature.

The experimental results are shown in Figs. 4.3 - 4.9, Curve
1. 7"ig. 4.3 is the original C-V characteristic. This curve is almost
ideal in shape and shows very few interface states. Curve 2 was obtained
at 91°K by sweeping from accumulation into deep depletion at the rate of
-1 V/sec. This curve is also normal in shape. Curve 3 is the 91°K
"light-assisted" curve obtained by bilasing into deep depletion, then
temporarily flooding with light to generate holes and bring the sample
into inversion, and finally sweeping the gate voltage toward accumulation
at the rate of 1 V/sec. At first the capacitance remains almost constant
at a value slightly higher than the thermal-equilibrium inversion value
because of the presence of excess holes near the interface. These holes
gradually leave the interface and move into the bulk as the gate voltage
sweeps in the positive direction, and the capacitance begins its normal
increase when no more holes remain. The exact value of capacitance in this
approximately horizontal region depends on the rate of voltage sweep.

After the foregoing nurves had been taken, the sample was held
at a temperature of 91°K and was voltage-stressed with the field plate
positive. Since this operation places the sample near its breakdown
point, the stressing was done with great care. A voltage of 189 V was

applied for 1 min, and when this was observed to result in only a moderate
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value of current, the voltage wag increased to 190 v ang was held for 21
min. Immediately after this, Curve 4 of Fig. 4.3 wag takan, The ncgative
shift of thig Cucve as compareq with Curve 2 indicates that the high-fielq

Calculation shows that for this thickness of 8ilicon dioxide, 4 one-

volt shift Corresponds to 8.4 X 10lO charges/cm2 at the Si-SiO? interface.
The observed voltage shift of 3.4 V tiug indicates the presencc of
approximately 3 x 1011 positive charges/cm2 after the high-field treatment,
The corresponding light-assisted characteristic, Curve 5 of Fig. 4.3, shows

the same effect, Curve 4 4ig almogt éxactly paralle] with Curvye %, as

rightward untij it coincideg with Curve 2. This coincidence indicates that
the high-fielq treatment hag not, up to thig point, Produced any inter-
face States in the upper part of the gap that were ot oresent ip the
sample in its original condition, for such States, if high eénough in the

gap, can Communicate with the silicon conduction bang eéven at 9]1°k

Following the high—voltage Stressing ang Curve-taking gt 91°K,

the sample was warmed to roop temperatyre, This Process required
obtained immediately after completion of the warming-yp Process. Curye 1

is repeateg here for tomparison., The leftward shift of Curve 6 shows

positive charge Storage, and the Stretch-oyt indicates the presence of

with Curve 4. Curve 7 is not quite paralle] “ith Curves 2 ang 4, as ig
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shown in Fig. 4.9 (p. 44). The discrepancy between the upper parts of
the curves is caused by interface states which are present in Curve 7 and
not present in Curve 4 and which are high enough in the gap to emit their
electrons into the silicon conduction band even at 91°K. Electrons in
deeper states are frozen-in and merely provide a fixed negative charge
which partially compensates the positive charge stored in the oxide.
Curve 8 of Fig. 4.5 is a light-assisted C-V characteristic in which
temporary flooding of the interface with holes resulted in the neutraliza-
tion of the negative charge in the acceptor-like interface states. As the
gate voltage is swept in the positive direction, the electron concentra-
tion at the interface begins to rise, with the result that electrons are
captured by the interface states, The buildup of negative charge at the
interface produces the ledge observed in Curve 8, above wihich Curve 8
follows Curve 7. Taken together, the results shown in Figs. 4.3 - 4.5
indicate (a) that the high-field treatment at 91°K resulted in positive
charge storage in the oxide but no {mmediate generation of interface
states, and (b) that interface states of the acceptor type were generated
as the sample was warmed toward room temperature.

The interface states continued to be generated over a long
period cf time without further high-field stressing. After the sample
had warmed up to room temperature, a wait of 10 hours resulted in Curve 9
of Fig. 4.6. Upon cooling to 91°K, Curve 10 (Fig. 4.7) and Curve 11
(Fig. 4.8) resulted, indicating an increase in the number of =cceptor-
type interface states. Warming up to room temperature followed by a 20-hr
wait produced Curves 12, 13,and 14, and similarly, an additional 69-hr
wait at room temperature resulted in Curves 15, 16, and 17. It should be
emphasized that the temperature cycling was not the cause of the
generation of interface states, for we have repeatedly temperature-cycled
unstressed samples between these two temperature limits and have obtained

only characteristics like Curves 1, 2, and 3 of Fig. 4.3.
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4.4. Conclusions

We find, in confirmation of Yang's observations,9 that high-field
stressing (v 7.5 x 106 V/cm) of an MOS structure with field plate positive
results in the buildup of positive charge in the oxide. The positive
charge 1s apparently that of trapped holes near the Si—SiO2 interface.

It is known that the current which flows through the oxide under these
conditions consists of electrons which are injected into the oxide by
Fowler-Noidheim tunneling from the silicon substrate, and the source of
the holes is believed to be impact ionization in the oxide caused by a
small fraction of the transiting electrons which gain sufficient energy
in the high field to produce hole-electron pairs by lattice ionization
(Sec. 2.2). It is also known that high-field stressing at room temper-
ature produces interface states, and it has often been assumed that there
is a one-to-one correspondence between the positive cliarging and the
interface states.

We have confirmed Chang's observation22 that if the high-field
stressing is carried out at liquid nitrogen temperature, the positive
charging of the oxide appears immediately but the interface states do
not make their appearance until the sample has been warmed toward room
temperature. This removes the one-to-one correspondence between the
positive charge and the interface states but does not necessarlly deny a
connection between them.

We have studied the above phenomena more carefully. First,
there is the question whether the positive charge gtorage remains stable
as the sample is warmed to room temperature. Our results indicate that it
is indeed stable. An interesting by-product of this result is that the
holes which were created by the high~field treatment were transported
through the oxide by the high field and were not immobile as has been
found with smaller fields at liquid-nitrogen temperature.42-44 Secondly,
we find that interface states of the acceptor type continue to be
generated at room temperature for many hours after the high-field treat-

ment.
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5. HIGH-FIELD INSTABILITY IN THE MOS SYSTEM
(0. Bar-Gadda collaborating)

It has been reported by Osburn and Weitzman4l and by Yangg’17
that a slow instability appears on the application of a large (3 8 MV/cm)
fleld across a meta]-SiOq-Si capacitor. The instability occurs for both
polarities of applied bi;s and appears to pe independent of the electrode
materlal. It occurs at comparable rates at both room temperature and
liquid nltrogen temperature, and actually seems to pe enhanced at low
temperature. Previoys observations of the instability have been rather
sketchy, and it was our objective to Study the phenomenon, and the
mechanisms responsible for it, more carefully,

The current instability may be observed in two ways: by
measuring the current-time (I-t) characteristic for different applied
fields, or by comparing the current-voltage (I-V) characteristics (a)
taken quickly and (b) in the Steady state, if such 4 steady state exists.
We have performed both types of experiments., The initial work in our
laboratories was done by D. Y. Yang,g’17 and we have continued these
studies.

Figufe 5.1 is a Fowler-NordEeim plot for an Al-SiOZ-Si Structure
having a 2500-A wet oxide and a 1000-A Al field plate., The initial curve
was measured over a period of several hours after first biasing the sample
at a field of ~ 6 MV/cm for about 15 hours. The final curve was taken
approximately a day later. The fleld 1is first held constant at a given
value for about an hour and then incremented. When the incrementing
process is completed, the field is decremented in steps, and the steady-
8tate current is compared to the valuye obtained at the Bame applied field
during the incrementing Process to assure reproducibility, The curves
are in good agreement with those measured by Yang and others. From the
slope of the line we determine the effective mass for electron injection
from the Si to be m* = 0.4 L in good agreement with previous deter-
minations. We should mention, however, that this technique is not a very

*
precise way of determining m or even the I-V curve. This is apparent from



Fig. 5.1, where it 1s seen that the magnitude of the current is very
dep..ndent on the previous history of the sample, 1.e., how long the
capacitor has been under high field stress. The reason for this 1is that
the creation of interface states under high-field stressing reduces the
current. Thus, under high field stress the current never reaches a true
steady state, since the interface states are being continually formed.
Nevertheless, for a short period of time the current relaxes to a value
which would remain constant if no additional interface states were being
created. To this extent one can measure an approximate steady state

1-V curve for a fixed interface state distribution. The fact that the two
curves shown give about the same siope (effective mass) which agrees with
literature values indicates that the above assumptions are probably
valid. 1f this is true, then it may explain the order-of-magnitude dis-
crepancies in current measured by different people.

It can also be seen from Fig. 5.1 that at higher fields, the
I-V curve seems to deviate upward from the Fowler-Nordheim straigﬁt line.
This occurs for fields high enough to produce the current instability, in
this case E v 7.4 MV/cm. This easier to see in the I-t curves of Fig. 5.2.
These curves were obtained by incrementing from 192 V to 195 V. For
192 V and 193 V there is an initial transient increase followed by a decay
to steady state. For 194 V the maximum value of the transient 18 the
steady state current. Above 194 V there is no steady state current, and
the current builds up until destructive breakdown occurs.

An attempt was made to measure the I~V curve on a p-type sample
also biased in accumulation to approximately 7.5 MV/cm. Here, no steady
state current was observed. Instead, the current continually decreased.
The C-V curve was measured initially and at the end of the experiment,
some four days later. The result is shown on Fig. 5.3. ‘he final curve
shows distortion due to creation of interface states, and possibly a
storage of positive charge in the oxide. A subsequent C-V curve taken

four hours later shows that the voltage shift had been reduced slightly
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in magnitude. This effect has been observed by others and is generally
referred to as the negative bias instability. Further investigation is
planned.

The above results were obtained at room temperature in air.

The sample was mounted on a gold-plated brass block and held down by a
rough vacuum pressure. Dry nitrogen was used to continually flush the
sample clean and dry. The probe was tungsten plated steel, and the probe
preasui® could be adjusted by a micromanipulator. The entire stage was
mounted on ar aluminum chassis, and several steel blocks were enclosed

in the chassis to provide shock absorption.

Additional experimental apparatus has been constructed or is
under construction. An electronic circuit was designed and bullr to
protect the MOS capacitor from breaking down under high field stress,
This will be used when it is desired to study high-field characteristics
without breaking down the sample. Basically, it consists of an operational
amplifier which senses the current through the MOS capacitor and triggers
a relay whenever this current exceeds a preset level. The rélay open=-
circuits the MOS capacitor, thus preventing breakdown,

Another project currently underway is the construccion of a
sample holder with a heater capable of raising the sample temperature
to ¥ 400°C. Electronic circuitry will be designed and built to generate
a temperature ramp, so that thermally-stimulated current measurements
may be made. This will be used to investigate the nature of the hole
traps in Sioz. We also wish to go to low temperatures (betwegn liquid
N2 and room temperature) continuously and discretely so as to be able to
investigate the high field current instability in this region of temper-

ature.
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6. SCANNING—ELECTRON—MICROSCOPE STUDIES OF LATERAL NONUNIFOEMITI@g

(P. Roitman and D, Gutermwan collaborating)

The existence of lateral nonuniformities in the metai-
insulator-semiconductor (MzS) Structure is of 3reat concern. We have
developed methods for utilizing the 8canning electron mlcroscope to image

the internal Structures of MIS devices, The beam of the electron

in a raster over the surface of the sample. We have used the
electron~beam induced current (EBIC) technique chiefly with conventional
MOS structures utilizing a silicon dioxide insulator; however, implanted
oxides and capacitors incorporating A1203 dielectric films bave also been
examined. Two types of Structures, namely stacking faults and Jon
aggregates, have been eéxtensively studied in MOS capacito: , and mode s
have been develcped to explain the observed imag:s,

Stacking~fault (SF) structure is seen under low magnificacion as
4 Scattering of small dot=, vigible in the EBIC mode and not . g 4in
secondary-emission mode. Under high magnification the cots C
resolved into lines approximately 2-5 long x 0.5 y w o, Figure 6.1a
shows an example of this 8tructure, The sample cons! . of P-type Si,
1fi~cm boron dored, with a 3500 X oxide Hll-steam grown on the (100) surface
at J00°C. After oxide growth the sample was annealed in He at 1050°C for

15 minutes and 1in H2 at 500°C for 15 minutes., A significant featyre is

observed at these Structures, line scans Were performed. 1In the line-scan
mode, information 1s displayed on the CRT using deflection modula‘ * p
rather than intensity modulaticn. A measure of contrast ig obtalned from

the peak-to-peak height of the 8tructure current measured at the Substrate,
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The contrast dependence of the Structures was measured as a finction of
beam energy, beam Current, gate blas and scan speed.

In general, a scan across the fault produces a structure
current that 1is apprcximately a differential gaussian., The structures
are not visible for beam energles below that required to completely
penetrate the gate and the oxlide. Above that value the contrast rises
very rapldly with beam voltage for a few keV und then saturates,

The gate~bias dependence is shown in Fig. 6.2 for both
pP-substrate and n-substrate capacitors. The structures were visible only
for positive (> 0 V.) bilas in the p~sample and negative (< -15 V,) bias
in the n-sample. This seems to imply that depletion 1is required for

visibility in the former, while strong inversion is required for the latter.

However, local oxide charging created during che line scan can dominate
the state of the substrate. In the case of the P-sample with the gate
bilased slightly positive, holes became trapped at the Si/SiO2 interface,
tending to further deplete the substrate. In the n-sample with negative
gate bilas, holes became trapped at the gate/SiO2 interface. These have
litrle effect on the substrate other than tending to accumularve it slightly,
requiring additional negative bilas to maintain Inversion. Further, when
the blas is suddenly switched, time is required for the contrast to
build up or decay, implying that oxide charging/discharging is important,
It therefore appears that oxide charging does affect contrast, and

that the structure is only revealed fully when the substrate is in
inversion,

Centrast was found to increase linearly with beam current up to
beam currents of + 100 PA, beyond which 1t tended to saturate. Image
distortion also cccurred at high beam currents due to spreading of the
incident beam,

The dependence of the structure on scan speed 1s shown in Fig.
6.3. For low speeds the peak-to-peak current scales with the scan speed.
Therefore, the time integral of the current is constant, i.e., che net

flow of charge through the sample is independent of scan speed. At



Fig.6la. Electron beam induced images of
oriented "gF" Structure in sample STs.
Imaging conditions: 35.9KeV, Vg = 15V, Mx 5000,

Fig.61b. Beam induced current image of sample
ST19, taken after ion drift to the Substrate, ang
bias thermal Stressing for 10 hrs, at 300°c, v, =
+20V. Image reveals a large, highly contrasted IA
Etructure with a bisecting line showing where line
Scans had been performed,

e
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higher scan speeds (? 10-2 cm/sec) the structure becomes distorted,
indicating that the beam speed exceeds the time required for the beam-
induced carriers to respond. Finally, opposice current polarities are
observed in the two samples. In the case of the p-sample there is an
initial flow of electrons out of the substrate to ground, and the flow
reverses as the beam leaves the structure. For the n-sample the opposite
occurs.

A model has been developed for the stacking-fault contrast
mechanism. The current detected is a displacement current resulting
from modulation of the depletion-layer capacitance. The modulation 1s
caused by hole-electron pairs produced in the silicon by the incident
beam.

A one-dimensional analysis has been made of the surface voltage
and depletion-layer capacitance and charge in an MUS structure with constant
applied voltage under electron illumination. The model assumes a gaussian
incident beam of very penetrating electrons moving across the plane of

the interface. The resulting displacement current is glven by18

CovI0 fw I» -[(x—-vt)2 + y2]/202

I(t) = T Bt (x - vt) e dxdy 6.1)

27nR0 d

where Co {8 the oxide capacitance, V is the beam velocity (in the x-direction),
g 1s kT/q, I0 is the current in the incident beam, ¢ is the width of
the incident beam, g is the pair generation per incident electron per
unit length, t is the 1ifetime of excess carriers in the substrate, and
d 18 a rather complicated function of the substrate carrier concentrations
which, however, tends to a constant in both accumulation and inversion.
Note that 1f g8, T and d are independent of position, the integral is zero.
1f the stacking fault is represented as a step in gt/d of
width W and height gltlld1 over a background of gbto/do, integration of
Eq. (7.1) provides the result

bl
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(6.2)

This expression includes the essential qualitative features’

experimentally observed in the induced currents:

(1) structure current proportional to beam current,

(2) structure current proportional to scan speed,

(3) structure current much greater in inversion than accumulation

[since d(inversion) << d(accumulation)].

Also, 1f we assume that the lifetimes in the region of the fault are much
less than in the Surroundings (Tl << To) and that the other factors are
essentially constant (go iy 8> d & dl), and if we note that 4 » 0 for
P-type and d < 0 for n-type, then the Current polarities gg the beam

crosses the faylt agree with the observed line scans.

We estimated ¢ = 5000 X, based on calculations by Nosker, and w = 5000 R.
The beam scan speed was 2,5 x 10_2 cm/sec, The curves were normalized
at the peak furrent,
The agreement of the shapes of these curves ig very good. 1

Unfortunately, 1f reasonable estimates are made for g and T, the

than the observed current. The model includes two critical assumptions,
One is low-level injection; that is, the density of pairs generated by the

Arithmetically, this turns oyt to be falsge, However, the theory for
high-level injection has also been done, and it doeg not exhibit the A
qualitative agreement discussed above, Second, the model for the MOS

8tructure is one dimeﬁsional, it assumes a S8teady state situation, and
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ignores oxide charging. Unfortunately, relaxing these assumptions ig
considerably more difficult, but we are working on the Problem. We are
also working on the direct measurement of some of the Parameters of thisg
model, such as lifetime,

Ion-aggregation 8tructure is seen only after extended bilag-
thermal Stressing (BTS). This technique consists of heating an Mos
capacitor to between 150°C ang 300°C with a biag between +50 and -5¢ v,
for several hours (about 10 hr typically). At these temperatures, ionic

inpurities - mainly sodium - become mobile and are swept through the oxide

the blas, At the interface the sodium ions do not penetrate the metal or
the silicon appreciably, but they can move laterally under the influence
of local fields.

Figure 6.1b shows an EBIC picture of a sample whiéh has under-
gone such a treatment. The sample was 1Q-cm n-type Si with 300 Z sSteam
grown oxide and 150 X Au gate, The Picture was taken at 5 kV and 1 nA,
The average jon concentration was 4 x 1013/cm2. Two types of 8tructure
are immediately apparent. The first ig an enhancement of the topo-
logical Structure, which in this cage may be due either to residual
polishing damage or to residual oxide remaining from an oxide growth-
stop-regrowth cycle. Since the structure was only faintly visible before
lon drift, the enhanced conirast ig Probably due to sodium aggregation
at the edges. The second type of structure consists of large cone-like
features such as the one at bottom center of Fig. 6.1b. These appear to
be due to sodium ions aggregating around a defect eithar in the metal
film or in the substrate, These Structures became visible at a beam
energy just sufficient to penetrate the oxide, and the contrast increased
with beam energy until the range of the electrons extended into the sub-

Strate, when it saturated. No dependence on scan 8peed waz noted.
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Line scans were also performed on these structures over a
range of gate biases. Both the background and structure currents were
ohmic, and the direction of the currents was consistent with the model of
beam-induced conductivity. According to this model the collected current
is due to pairs generated in the oxide which separate in the oxide field
and move to the gate or substrate. In silicon dioxide we assume the
current from the holes to be negligible. The electrons drift and are
collected according to the shubweg model of Mott and Gurney, in which
the electrons move a coustant distance in a given field before being
deeply trapped or recombined. The sheet of sodium lons at the interface
forms a dipole layer which lowers the field across the oxide. This
affects the number of electrons being collected. The more concentrated
the sodium, the more pronounced this effect becomes.

For very low beam energies, insufficient to penetrate the gate,
a reversal of contrast was observed when the ions were drifted to the gate.
In this case, the collected current was due to electrons emitted from
the metal into the oxide and increased with increasing sodium concentra-
tion.

Effects were observed which seemed to indicate that the sodium
ione act differently at the silicon interface than at the wmetal interface.
Also there were definite changes in the behavior of the sodium after
irradiation. These phenomena are not thoroughly understood, but since
technological interest is shifting away from sodium due to improved
processing cleanliness we will not pursue this topic further in our

future work.

s iR el
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